Intraseasonal variability of the tropical cold-point tropopause (CPT) and its relationship with tropical convection are investigated. Negative CPT temperature anomalies lead negative outgoing longwave radiation anomalies associated with enhanced convection by about 2-10 days throughout almost the entire lifetime of the Madden-Julian oscillation. It is proposed that the negative CPT temperature anomalies, together with positive tropospheric mean temperature anomalies found by other authors, are likely indications of Kelvin waves excited by convection centered to the west of the temperature anomalies.
Introduction
The Madden-Julian oscillation (MJO) is a major component of tropical low-frequency variations. The oscillation is the result of large-scale circulation cells oriented in the equatorial plane that move eastward from the Indian Ocean to the central Pacific Ocean (Madden and Julian 1994) . The oscillation has a range of periods of about 30-60 days and is manifest in eastward-propagating complex convective regions. See Madden and Julian (1994) for a review of the MJO. In this paper, we document the influence of the MJO on tropical tropopause temperatures. Variations of these temperatures may have some implications on the stratosphere-troposphere exchange of water vapor.
The observed low concentration of stratospheric water vapor cannot be explained unless tropospheric air enters the stratosphere dominantly across the tropical tropopause (Brewer 1949) . The failure of freeze drying at the mean tropical tropopause temperature to dehydrate the stratosphere to observed water vapor mixing ratio led Newell and Gould-Stewart (1981) to propose the ''stratospheric fountain'' hypothesis. According to this hypothesis, the tropical tropospheric air enters the stratosphere preferentially in areas where the tropical tropopause temperatures are below their annual and longitudinal mean values. The fountain region is mainly over the western Pacific, with some variation with season. However, recent studies indicate that the western Pacific may actually be an area with net subsidence at the tropopause (Sherwood 2000; Gettelman et al. 2000) . This paradox can be resolved by assuming that hori-zontal transport through the ''cold-trap'' region (i.e., the western Pacific) causes air parcels that reach the tropopause at other longitudes to be dehydrated to the very low saturation mixing ratios characteristic of the cold trap (Holton and Gettelman 2001) . This mechanism implies that tropopause temperature variations in areas other than the western Pacific also affect the entry value of water vapor mixing ratio from the troposphere into the stratosphere.
Previous work (Zhou 2000) shows that the tropical tropopause is affected by the stratospheric quasi-biennial oscillation (QBO) and the tropospheric El Niño-Southern Oscillation (ENSO). The QBO signature in the tropical tropopause is mainly zonally symmetric and has smaller amplitude than the ENSO signature. It is probably the result of the downward propagation of temperature anomalies associated with the QBO (Zhou et al. 2001a ). The ENSO signature shows east-west dipole and north-south dumbbell patterns. These patterns are believed to be related to the migration of the convection centers with the life cycle of the ENSO (Randel et al. 2000; Zhou 2000; Zhou et al. 2001a; Kiladis et al. 2001) . Boehm and Verlinde (2000) used sounding data observed in the summer of 1999 at the Republic of Nauru to find that the tropical tropopause is affected by stratospheric waves with a timescale of several days and an amplitude of up to 8 K in temperature near the tropopause. These waves have been identified as Kelvin waves, which have their origin in the troposphere (Holton et al. 2001) . Tsuda et al. (1994) reported Kelvin waves with periods of about 7 and 20 days observed by radiosonde in the province of East Java, Indonesia (7.57ЊS, 112.68ЊE) during 27 February-22 March 1990. Both 7-and 20-day Kelvin waves have relatively larger amplitudes in a shallow vertical range near the tropical tropopause and relatively smaller amplitudes in the tro-
posphere. Temperature anomalies associated with these waves show different signs above and below 15 km, which is about 2 km below the cold-point tropopause (CPT-defined below). Wheeler et al. (2000) found large tropopause temperature perturbations associated with equatorial waves coupled to convection. These signals lead those in outgoing longwave radiation (OLR) for the convectively coupled Kelvin and eastward and westward inertiogravity waves and could be interpreted as a vertically propagating response excited by a moving equatorial heat source. In a recent study, using radiosonde and the National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalysis data and the lapse-rate tropopause definition, Kiladis et al. (2001) showed that the MJO displays such an upward-and eastward-tilting temperature structure, indicating that the tropopause temperature disturbance leads the convection.
In this paper, we further document the relationship between the tropical CPT and tropical convection with focus on wave patterns in the tropical tropopause temperatures induced by tropospheric convection, following earlier studies of the decadal trend and interannual variations in the tropical CPT (Zhou et al. 2001a,b) . Two bands of intraseasonal variations were considered: the 25-70-day band and the 6-25-day band. For convenience, we refer to the 25-70-day band as the MJO intraseasonal variability or the MJO band and the 6-25-day band as the high-frequency intraseasonal variations (following Vincent et al. 1998) . The CPT, which is defined as the position of coldest temperature in the vertical temperature profile, was applied in this paper because of its relevance to the freeze-drying effect, which produces the low mixing ratio of water vapor in the stratosphere (e.g., Highwood and Hoskins 1998).
Data and filters
Datasets used in this study include the European Centre for Medium-Range Weather Forecasts (ECMWF) reanalyses, high-resolution sounding data from two tropical stations [Kapingamarangi, Federated States of Micronesia (hereinafter KAP), and Nauru] obtained during the Tropical Ocean and Global Atmosphere Coupled Ocean-Atmosphere Response Experiment (TOGA COARE), and satellite observed daily mean OLR. The ECMWF reanalyses used in this paper are a gridded version (2.5Њ ϫ 2.5Њ), and data were available at four times per day for 15 yr at 17 levels (Gibson et al. 1997) . The levels near the tropopause are 200, 150, 100, 70, and 50 hPa. The ECMWF-based CPT were obtained using a cubic spline (in log pressure) interpolation from each profile, and daily mean values of the CPT were saved for further use. TOGA COARE sounding data were taken during July 1992-June 1993. A few participating sounding stations measured the tropical CPT for more than 6 months, but only KAP (1.07ЊS, 154.80ЊE) and Nauru (0.54ЊS, 166.93ЊE) have good dayto-day availability of CPT observations. Soundings at KAP and Nauru, sampled every 10 s, were released four times per day. Because of such a high vertical resolution, we simply located the CPT observed by TOGA COARE at the position where temperature approached its minimum value in the vertical profile. CPT observations at KAP were available during 11 July 1992-29 June 1993 (354 days) with data missing on only 8 days. CPT observations at Nauru were available during 2 September 1992-30 June 1993 (302 days) with data missing on only 3 days. The missing data were interpolated using a simple method (i.e., using the mean value of measurements on the previous day and the next day for the date when the missing CPT occurred). Interpolated OLR data were provided by the National Oceanic and Atmospheric Administration-Cooperative Institute for Research in Environmental Sciences (NOAA-CIRES) Climate Diagnostics Center, located in Boulder, Colorado (obtained from their Web site at http://www.cdc.noaa. gov). Missing values have been removed by temporal and spatial interpolation except for the gap between 17 March and 31 December 1978 (Liebmann and Smith 1996) . The OLR daily mean data used in this paper are an interpolated grid version (2.5Њ ϫ 2.5Њ). OLR data during 1979-93, which is the available ECMWF reanalyses period, were used.
Two high-order (10th order for the 25-70-day band and 20th order for the 6-25-day band) Butterworth recursive filters were designed using ''MATLAB'' proprietary software. Their response functions (figures not shown) are similar to those in Vincent et al. (1998) . Figures 1-3 show unfiltered and bandpassed ECMWFbased CPT temperatures (CPT-T), TOGA COARE-observed CPT-T, and OLR at KAP and Nauru. The ECMWF-based CPT-T at KAP or Nauru is the interpolation result using CPT-T values at the four grids that are closest to KAP or Nauru. It can be seen that ECMWF reanalyses track very well the CPT-T variations as observed by the TOGA COARE soundings. The correlation coefficients between the ECMWF-based CPT-T and the TOGA COARE-observed CPT-T are 0.83 and 0.81 at KAP and Nauru, respectively. However, ECMWF reanalyses overestimate the CPT-T on nearly all days at KAP and Nauru. Comparison between ECMWF-based CPT calculations and CPT measurements from operational soundings and TOGA COARE high-resolution soundings indicated that the average overestimate of CPT-T in ECMWF reanalyses is about 2 K (Zhou et al. 2001a ). According to unfiltered time series of CPT-T and OLR ( Fig. 1) , high/low CPT-T generally occurred when OLR reached high/low values. This result indicates a close relationship between the tropical CPT-T and convection. The phase relationship between the tropical CPT-T and convective activity at the intraseasonal timescale is the main topic of this paper.
For the MJO band (25-70 days), ECMWF tracked the TOGA COARE-observed CPT well except during time lag between the CPT-T and OLR is larger at Nauru than at KAP. Previous results indicated that when the MJO approaches the date line, the MJO in convective activity dies out and the MJO in other parameters (e.g., tropospheric temperature) moves eastward at a faster speed (Madden and Julian 1994) . The fact that the time lag between the tropical CPT-T and OLR at Nauru is larger than that at KAP is consistent with those features of the MJO, noting that Nauru is located to the east of KAP by about 12Њ in longitude.
For the high-frequency intraseasonal variability (6-25 days, Fig. 3 ), the ECMWF reanalyses also tracked the observed CPT-T reasonably. The phase relationship between CPT-T and OLR in this period band is somewhat complicated. Events with the CPT-T leading the OLR by about one-quarter of a period mainly occurred during Fig. 1 , but for the 6-25-day band.
periods when MJO was active (e.g., November 1992 -February 1993 . Some events with the OLR leading the CPT-T by one-quarter of a period occurred in March of 1993. Events with an in-phase relation between the CPT-T and OLR (e.g., late December of 1992 at KAP) imply a simultaneous response to convection. However, the occurrence of such events was not frequent. Note that an overestimate of about 2 K in ECMWF-based CPT-T calculations was not deducted (Zhou et al. 2001a ).
Phase lag between CPT-T and OLR

MJO events
1 (Yanai et al. 2000) . It can be seen that the MJO in OLR decays after approaching the date line while the MJO in CPT-T propagates farther. CPT-T is cold when there is strong convection (indicated by low OLR). However, it seems that cold CPT-T appears a little earlier than low OLR at a given longitude, or cold CPT-T is to the east of small OLR at a given time from the Indian Ocean to the western Pacific. For the first MJO during the TOGA COARE IOP, cold anomalies in the CPT-T developed to the east of the cloud cluster the positive OLR anomalies, suggesting that the CPT-T led the OLR in the MJO band. During early December of 1992 and in the longitude range of about 90Њ-130ЊE, the OLR anomalies became negative and amplified again and the CPT-T anomalies were in phase with the OLR anomalies. After that, a phase lag, which indicates that the CPT-T anomalies lead the OLR anomalies by a few days, is obvious. The phase lag occurred before the MJO became mature in late December of 1992. The second MJO observed during TOGA COARE IOP was different from the first MJO during the early period.
Negative OLR anomalies and CPT-T anomalies associated with the second MJO in the 25-70-day band can be tracked back to tropical Africa and even to the Atlantic Ocean. There were discontinuities in both negative OLR and CPT-T anomalies near 160ЊE. The maximum negative OLR anomalies occurred near 95ЊE around 20 January 1993. Negative CPT-T anomalies led negative OLR anomalies all the time during late December of 1992-15 February 1993.
The 25-70-day bandpassed field looks very smooth (Fig. 5) while irregularities are obvious in the unfiltered VOLUME 15 (Fig. 4) . The difference between the unfiltered field and the 25-70-day bandpassed field in the region from the Indian Ocean to the western Pacific can be explained mainly by the high-frequency intraseasonal variations (Fig. 6 ). For instance, the strong longitudinal gradient of CPT-T across the position of minimum OLR in the second MJO (Fig. 4) was caused by a strong 6-25-day variation (Fig. 6) . The initial cloud cluster associated with the first MJO (indicated by the letter A in Fig. 4 ) is a part of the 6-25-day variations, rather than a part of the 25-70-day variations. Significant contribution of the high-frequency intraseasonal variations to the total field suggests that it cannot be neglected in studies of the MJO. The 6-25-day variability is mainly eastward propagating. The CPT-T anomalies sometimes lead the OLR anomalies over the Indian Ocean to the western Pacific when OLR anomalies show large negative values. Figure 6 also shows indications of Kelvin waves that move along more or less with the phase speed of the heating. Thus, much of the 6-25-day variability is likely due to both convectively coupled and faster uncoupled Kelvin waves.
We plotted a series of maps of OLR and CPT-T for the two MJO events observed during TOGA COARE IOP and found a similar phase relationship between the CPT-T and OLR anomalies. To verify if this relationship holds true during the entire ECMWF reanalyses period (1979-93), we calculated the telecorrelation between a reference time series of OLR anomalies at (85ЊE, 0Њ) and tropical OLR and CPT-T anomalies. The reference point (0Њ, 85ЊE) is the grid point in the ECMWF reanalyses and NOAA-CIRES OLR that is closest to the reference point (0Њ, 84ЊE) used by Hendon and Salby (1994) . This point is where the strongest signal of convection is observed . Figure 7 shows autocorrelation of the tropical 25-70-day bandpassed OLR (left column) and the cross correlation of the tropical 25-70-day bandpassed CPT-T (right column) with the 25-70-day bandpassed OLR time series at the reference point. Eastward propagation of alternating positive and negative areas is clear in the autocorrelation and cross-correlation maps. The correlation pattern at the time lag of Ϫ10 days is opposite to that at the time lag of 10 days. This implies that the major period in the 25-70-day bandpassed field is about 40 days. It is clear that the CPT-T leads the OLR at all time lags shown in Fig.  7 . For instance, the cross correlation is nearly zero at the reference point at 0 time lag when autocorrelation is unity. The 25-70-day filtered CPT-T anomalies lead the corresponding OLR anomalies by one-quarter of the major period, or about 10 days. Telecorrelation using the 6-25-day bandpassed data shows eastward propagation of alternating positive and negative areas with a period about 8-12 days (figures not shown). In these bandpassed variations, the CPT-T also leads the OLR about one-quarter of the major period, or about 2-3 days in this case. Figure 8 shows the coherence, corresponding to the period of about 40 days, of the tropical tropopause temperatures with the OLR at two reference points. The shading indicates the area with coherence significant at 95% level. It can be found that low-frequency variation of the tropical tropopause temperatures is coherently related with tropical convection. The strongest coherence is about 40Њ-50Њ in longitude east of the reference points. The map of phase difference spectra (figures not shown) confirms the result from telecorrelation analysis; that is, the tropical tropopause temperatures lead tropical convection by about one-quarter wavelength. Figure 9 shows composites of the 25-70-day bandpassed OLR (shaded) and CPT-T (contoured) anomalies during the period when the 25-70-day bandpassed OLR at reference points (0Њ, 85ЊE) and (0Њ, 125ЊE) are less than Ϫ30 W m Ϫ2 . The critical value (Ϫ30 W m Ϫ2 ) is arbitrarily chosen. However, increasing or decreasing this critical value slightly does not change features of the composites. Hendon and Salby (1996) simulated the composite life cycle of the MJO using the diabatic heating that was prescribed from the anomalous OLR in the life cycle of the MJO constructed by Hendon and Salby (1994) . The composites of CPT-T shown in Fig. 9 show patterns, if the sign is reversed, generally similar to the temperature patterns on day 5 and day 15 shown in Fig. 2 of Hendon and Salby (1996) , which is for simulated tropospheric mean temperature anomalies. The Kelvin wave pattern is obvious in the deep Tropics, and there is a Rossby wave pattern in the subtropics. However, the response near the convection in the deep Tropics is stronger than that shown in Hendon and . The maximum CPT-T anomalies lead the OLR anomalies by one-quarter wavelength over both the Indian Ocean and the western Pacific. Figure 10 shows composites of OLR and CPT-T using the 6-25-day bandpassed anomalies. The phase lag of about one-quarter wavelength between the CPT-T and OLR can also be seen. Wave response is weak along 15ЊS and 15ЊN over the Indian Ocean and the western Pacific (Figs. 9 and 10) . The Kelvin wave response is obvious between 15ЊS and 15ЊN, and Rossby wave response is present beyond this region. This pattern is consistent with variance analysis (figures not shown), which shows minimum variance of the 6-25-and 25-70-day bandpassed tropical tropopause temperatures occurring along 15ЊS and 15ЊN over the Indian Ocean and the western Pacific. Yanai et al. (2000) found that positive temperature anomalies at 400 hPa led negative OLR anomalies during the two MJO events observed during TOGA COARE IOP. Hendon and Salby (1994) composited an MJO life cycle using OLR, microwave sounding unit channel-2 temperature [(MSUT-2); which approximates the tropospheric mean temperature], and wind data. In
Discussion
Telecorrelations of tropical 25-75-day bandpassed (left) OLR and (right) CPT-T anomalies with 25-75-day bandpassed OLR at (0Њ, 85ЊE). Time lags are Ϫ10, Ϫ5, 0, 5, and 10 days from top to bottom, respectively. Contour interval is 0.1, and correlation coefficients significant at 95% level are shaded. The method to test the significance of correlation coefficients followed that of Oort and Yienger (1996) .
the Hovmöller (longitude-lag) representation of the MSUT-2 and OLR composite (Fig. 6 in Hendon and Salby 1994) , tropospheric mean temperature anomalies are positive and OLR anomalies are negative during the period from lags of Ϫ25 to Ϫ5 days in 0Њ-90ЊE where the MJO usually develops. Careful examination of Fig.  6 in Hendon and Salby (1994) indicates that maximum positive tropospheric mean temperature anomalies are one-quarter of a wavelength to the east of the convection center since the lag is about Ϫ25 days, soon after the MJO begins. Negative CPT-T anomalies and positive tropospheric mean temperature anomalies one-quarter wavelength to the east of the convection center are consistent with the observed Kelvin wave vertical structure. Tsuda et al. (1994) reported Kelvin waves with periods of about 7 and 20 days observed by radiosonde in East VOLUME 15
Coherence map of the tropical tropopause temperatures with OLR at reference points (top) (0Њ, 85ЊE) and (bottom) (0Њ, 125ЊE). The coherence spectra corresponding to 40-day period were plotted. Contour interval is 0.1. The shading indicates the areas with coherence significant at 95% level.
Java during 27 February-22 March 1990. Both 7-and 20-day Kelvin waves have relatively larger amplitudes in a shallow vertical range near the tropical tropopause and relatively smaller amplitudes in the troposphere, and their phases reverse near 15 km, which is about 2 km below the tropopause. Thus, the temperature anomalies that lead the convection center by one-quarter of the period in time or one-quarter of the wavelength in longitude are likely to be a Kelvin wave response to the heat source associated with the convection (Wheeler et al. 2000) .
Tropical CPT pressures and altitudes were also analyzed using the same technique as performed on the tropical CPT temperatures. However, the results are not consistent with the CPT temperature analysis. The maximum amplitude in the CPT altitude composites analogous to Fig. 9 is less than 100 m. Such small values might not be reliable. The ECMWF reanalyses pressure levels near the tropopause are 200, 150, 100, 70, and 50 hPa. Because the tropical tropopause temperatures show strong longitudinal variations while the tropopause pressures and altitudes are relatively flat (Siedel et al. 2001) , the ECMWF-based tropopause may not be able to show intraseasonal variations in the tropopause pressures or altitudes correctly, though it can reliably show the variations in the tropopause temperatures. This paper, together with previous works, gives a picture of the response of the tropical tropopause temperatures to processes operating over multiple timescales. 1) For the timescale of a few hours, Teitelbaum et al. (2000) found an almost simultaneous response of the tropical CPT to strong convection in limited observations. Johnson and Kriete (1982) found that a cold anomaly at the tropical tropopause or in the lower stratosphere could be up to Ϫ6 K, associated with local convection. 2) Boehm and Verlinde (2000) found that the tropical tropopause is affected by stratospheric waves with a timescale of several days and an amplitude up to 8 K in temperature near the tropopause using sounding data observed in the summer of 1999 at Nauru. These waves have been identified as Kelvin waves by Holton et al. (2001) . 3) For the intraseasonal timescale, it is found in this paper that the CPT-T anomalies in the deep Tropics lead the OLR anomalies by 2-10 days and are likely to be Kelvin waves excited by convection that occurs to their west. Rossby wave patterns can also be seen in the subtropical CPT-T (e.g., Fig. 9 ). However, the subtropical CPT is not fully examined here since the subtropical tropopause is often affected by systems coming from the extratropics. 4) The annual cycle of the zonal mean tropical tropopause is mainly driven by extratropical stratospheric wave forcing (Yulaeva et al. 1994) , but the zonal asymmetry in the tropical tropopause can be attributed to the response of the atmosphere to a large-scale region of tropospheric diabatic heating (Highwood and Hoskins 1998) . Zhang (1993) found that the maximum fractional coverage by the highest, coldest clouds tends to occur during the NH winter when the tropopause is highest and coldest throughout the Tropics. However, the relationship between the extratropical wave forcing and tropical convective activity is unknown. 5) At interannual timescales, the tropical CPT is affected by the stratospheric QBO and tropospheric ENSO (Zhou et al. 2001a) . The signature of the QBO in the tropical CPT is mainly zonally symmetric, but the influence of the ENSO on the tropical CPT shows a mixture of stationary Rossby wave and Kelvin wave patterns. Similar results were found in the lapse-rate tropopause by Randel et al. (2000) using NCEP-NCAR reanalyses and sounding data. 6) A cooling trend of the tropical CPT-T has been found using sounding data during 1973-98 (Zhou et al. 2001b ). For simplicity, the tropical tropopause is often treated as if it were a surface without thickness. In fact, the tropopause is better thought of as a transition layer between about 14 and 17 km, for which the tropical CPT may serve as an upper boundary (Highwood and Hoskins 1998) . Understanding of the many processes (e.g., sedimentation and/or reevaporation of ice crystals, cooling by overshooting convective turrets, and mixing with extratropical stratospheric air) in this transition layer is very limited. These processes are important for stratosphere-troposphere exchange and probably for climate change. However, study of them is beyond of the scope of this paper. Fig. 9 , but using the 6-25-day bandpassed data. Contour interval for CPT-T composite is 0.1 K.
Summary
In this paper, we studied intraseasonal variations of the tropical CPT. High-order Butterworth filters were used to obtain CPT-T and OLR anomalies corresponding to the 25-70-and the 6-25-day bands. A close relationship between the tropical CPT-T and convection has been demonstrated. The high-frequency intraseasonal variations (6-25 days) show a contribution to the total OLR field during the two MJO events observed during TOGA COARE IOP that is comparable to that from the MJO band (25-70 days). This result indicates that the high-frequency intraseasonal variations cannot be neglected in studies of the MJO events. It is found that intraseasonal CPT-T anomalies lead the OLR anomalies by about 2-10 days throughout almost the entire MJO lifetime. The negative intraseasonal CPT-T anomalies, together with the positive tropospheric mean temperature anomalies, are likely to be Kelvin waves excited by convection that occurs to their west. It is still unknown how important this phase lag is in the MJO life cycle.
Together with previous work, this paper provides a relatively complete picture of the tropical CPT variability over multiple timescales. Tropical tropopause responses to tropical tropospheric processes and stratospheric processes were summarized in the discussion section. Although the zonally asymmetric aspect of the tropical tropopause has been simulated in a simple model (Highwood and Hoskins 1998) , other diagnostic results reported have not been simulated, and proposed mechanisms for them have not been proved in numerical simulations. This should be done in the future.
